Various tRNA transcripts were constructed to study the identity elements of E.coli tRNA 
INTRODUCTION
The specificity of a tRNA for each amino acid is essential for the translation of genetic information. In principle, aminoacyltRNA synthetase attaches the proper amino acid only to its cognate tRNA species. tRNA acceptor identity elements have been revealed by various biochemical, biophysical and genetic studies (1, 2) . The anticodon has been identified to be a major identity determinant in many tRNAs (3 -13) . Chemical modification, UV-irradiation and oligonucleotide-binding studies have suggested that the anticodons of E.coli tRNA Ar s and tRNA L y s also have a role in aminoacylation (14) (15) (16) (17) . Recent study has shown that the second letter of the anticodon C 35 of tRNA Ar s is responsible for acceptor identity switching from tRNA Met to tRNA Ar 8 in vitro (7) . An in vivo study using amber and opal suppressor tRNAs showed the importance of the second letter of the anticodon of tRNA (15, 16) . Besides the anticodon, the fourth base from the 3' end of tRNA (discriminator base N 73 ) has been found to be an identity determinant in many tRNAs (6, (9) (10) (11) (12) (13) (19) (20) (21) (22) . The importance of this base in either tRNA Ar s or tRNA L y s has been suggested in vivo (18) , but no quantitative study in vitro has been reported. The E.coli tRNA Ar s isoacceptor species have exceptionally two different types of discriminator bases, A 73 and G 73 (23) , which has stimulated interest in quantitatively evaluating their contribution. In addition to the anticodon and discriminator base, A 2 o in the variable pocket is involved in the arginine acceptor identity both in vivo (24) and in vitro (7) . In order to understand the recognition mechanism of tRNA Ar s and tRNA Lys which facilitates discrimination from other tRNAs, a quantitative study of these sites is required. Here, we prepared base substitution mutants of tRNA 
MATERIALS AND METHODS

Preparation of template DNAs and in vitro transcripts
Synthetic DNA oligomers carrying the T7 promoter and tRNA genes were ligated into pUC19 and transformed into E.coli strain JM109 (20, 25) . The template DNA sequences were confirmed by dideoxy sequencing (26) . Transcripts of the tRNA genes, except tRNA Tr P mutants, were prepared in a reaction mixture containing 40 mM Tris-HCl (pH 8.1), 5 mM dithiothreitol, 2 * To whom correspondence should be addressed Downloaded from https://academic.oup.com/nar/article-abstract/20/9/2335/1084775 by guest on 19 November 2018 mM spermidine, 10 mM MgCl2, bovine serum albumin (50 /tg/ml), 2.0 mM each NTP, 20 mM 5' GMP, BstNI-digested template DNA (0.2 mg/ml), 2 units of inorganic pyrophosphatase (Sigma) and pure T7 RNA polymerase (50 jtg/ml) (25, 27) . Transcripts of tRNA Tr P mutants were prepared in a reaction mixture containing 20 mM 5' AMP instead of 5' GMP (13, 20 
RESULTS
Identity determinants of tRNAT
he transcripts of E.coli tRNA variants were constructed by means of T7 RNA polymerase transcription (Fig. 1 Table 1 ), indicating that not only I, A and C at the first position but also G and U at the third position are interchangeable without any significant loss of aminoacylation efficiency. The mutants with the anticodons ACA and ACC, however, showed activities decreased by factors of 400 and 4, respectively ( Table 1 ), indicating that A at the third position is particularly disfavoured for recognition by arginyl-tRNA synthetase. To examine the biological significance of this observation, we prepared a single point mutant tRNA Table 1 ).
The 'variable pocket' located around the L-hinge region is formed by several D-and T-loop nucleotides (the positions at 16, 17, 20, 59 and 60) by the aid of the tertiary interaction between G 18 G| 9 and T^^Css. The base at position 20 has currently been found to be a recognition element for yeast tRNA Phe (6, 25) , E.coli tRNA Ala (22, 28 ) and tRNA Ar s (7, 24) . Adenine at this position is unique to tRNA Ar s isoacceptors in E.coli (23) . A U 20 to A 20 mutation in E.coli elongator tRNA Mel or its derivative elevates the arginine charging activity by two to three orders of magnitude (7) . In order to further evaluate the contribution of A 2 Q, we prepared base substitution or deletion mutants at position 20 ( Fig. 1) . All the substitutions at this position decrease the activity by two orders of the magnitude, (Fig. 1 ). This mutant, in which the requirement of A 2 o as well as that of the anticodon is satisfied, had comparable arginine charging activity to that of the tRNA Arg transcript (Table 1) . Another A 20 insertion transcript of tRNA Tr P but possessing no anticodon mutation also had arginine acceptance, albeit with a very low efficiency ( Table 1) .
E.coli tRNA Arg possesses an A or a G at the discriminator position (23), the former occurring in the major tRNA Arg (ICG). Substitution of this base A 73 by G 73 in the major tRNA Arg transcript did not cause any significant decrease, whereas that by either C or U reduced the Vmax/Km by a factor of 3-4. This result is consistent with an in vivo study in that purines are more preferable than pyrimidines as the base at this position (18) . only 140-fold lower lysine charging activity than the native tRNA L y s (Table 2) , and therefore these modifications appear to have an important role in the aminoacylation process.
Identity determinants of tRNA
Replacement of the anticodon UUU of the normal tRNA . Substitutions of the anticodon UUU by UUA and UUC decreased the lysine acceptor activities by more than two orders of magnitude, whereas a less severe (approximately 5-fold) decrease was observed in the U to G mutation at the third position ( Table 2 ). The UUU to GUU replacement resulted in an approximately 17-fold decrease ( Table  2 ), suggesting that the first position also contributes to the lysine acceptor identity.
The discriminator base A 73 of tRNA Lys is well conserved phylogenetically among prokaryotes (23) . Substitution of this base by any of the three other bases caused a decrease in the lysine charging activity. The V max /K m for each mutant was about 10-fold lower than that for the normal transcript (Table 2) .
DISCUSSION
It has been shown that the anticodon switching from CAU to CCG confers an arginine charging specificity upon E.coli tRNA Met in vitro (7) , and that E.coli tRNA Arg possessing the amber suppressor anticodon CUA has broader specificity than that possessing the opal anticodon UCA in vivo (18) . These two studies indicate the importance of the tRNA Arg anticodon, especially that of the second letter C 35 , which is consistent with the present results that the tRNA Arg transcript possessing the anticodon UUU was a very poor substrate for arginyl-tRNA Each parameter was determined from a Lineweaver-Burk plot. The lyi-tRNA synthetase used here was not fully purified, therefore the apparent ^s are presented. synthetase. However, an additional mechanism is required for discriminating tRNA Ar & from other tRNAs sharing C 35 , such as tRNA Tr P. The present and other studies indicate that the unique nucleotide A 20 is indeed important for recognition by arginyltRNA synthetase (7, 24) , but the absence of this nucleotide is not sufficient for the complete exclusion of these noncognate tRNAs. Nevertheless, there has been less focus upon other positions of the anticodon, because the C35 is the only anticodon nucleotide conserved within the tRNA Ar s isoacceptors (23) . The first letter of the anticodon seems unlikely to be involved in recognition by arginyl-tRNA synthetase, since it varies among E.coli tRNA Ar e isoacceptors (C, mnm 5 U and I) (23, 29) . Although the third letter also varies (G and U), the present results show that the nucleotide at this position is crucial for recognition by arginyltRNA synthetase. It seems likely that the common structure of G and U is recognized by the synthetase. Alternatively, G and U would not be positively involved, but merely C and A, particularly the latter, would prevent a productive interaction with the enzyme. The present results also show that A 36 actually functions in preventing nonspecific recognition of tRNA (23) . Against this tRNA species, it is speculated that the protrusion of the long variable arm acts as a decisive obstacle for arginyl-tRNA synthetase in the process of recognition of A 2 oChemical modification and oligonucleotide-binding studies have suggested the importance of the anticodon for lysine acceptor activity (15, 17) . Recently, an in vivo study has focused on the second letter, U 3 5 (18) . The column in the codon table, of which the codon second position is A, is most extensively partitioned in terms of amino acid specificity as compared with other columns, requiring an additional mechanism for efficiently discriminating among their tRNAs. The present results show that the third letter, besides the second, is crucial for recognition by lysyl-tRNA synthetase. The discriminator base A 73 made an additional contribution to the recognition. Facilitating these complicated discriminations in this column seems likely to depend upon a hypermodified nucleotide at the first position of the anticodon such as queuosine (Q) and mnmVU. However, the Qs in E.coli tRNA 1 *, tRNA 1 * 5 and tRNA^P can be replaced by an unmodified G without significant loss of aminoacylation efficiency (9, 20, 21 (15, 16) . Taking these previous studies and the present results into consideration, we concluded that this modification in tRNA L * s makes a contribution to aminoacylation efficiency. The transcript possessing G at this position was a 17-fold less efficient substrate than that possessing an unmodified U, suggesting that this position has an important role in discriminating tRNAs possessing Q34.
In general, an unmodified tRNA transcript functions in vitro as a substantial substrate for its cognate synthetase, as shown in yeast tRNA Phe (6, 25) (12) and tRNA Thr (32) . As an exception, base modification is critical for isoleucine specific aminoacylation (4, 33) . Here, the significance of the modifications of tRNA 1 -î s also established. A significant contribution of base modifications exists in several tRNAs in which modifications act as a negative identity determinant against noncognate aminoacyltRNA synthetase (4, 34) . In contrast to the yeast tRNA As P transcript, which is a good substrate for yeast arginyl-tRNA synthetase (34), the unmodified E.coli tRNA As P showed no detectable misaminoacylation with E.coli arginyl-tRNA synthetase (data not shown). Specifying the roles of these modifications would promote better understanding of the positive and negative identities of these tRNAs.
G and U were interchangeable at the third position of the anticodon within a small variation of aminoacylation efficiency in both tRNA Ar e and tRNA 1 -^ recognition systems. G and U commonly possess keto and imino groups in a similar direction (positions 4 and 3 of U, and 6 and 1 of G), which are potential recognition sites. This type of protein-RNA interaction may be more ubiquitous than was previously thought.
